Abstract The zero-valent iron (ZVI) impregnated MCM-48 (Fe-MCM-48) as a new reagent was used to dechloronation of 2,4-dichlorophenol (2,4-DCP) pollutant. The Fe-MCM-48 was prepared by a grinding method as a solventfree procedure. The X-ray diffraction patterns, SEM images and EDX spectra were applied to characterize the Fe-MCM-48 regent. The impregnation of ZVI nanoparticles occurred in the channels of mesoprous MCM-48. The zerovalent iron amount was 23 ± 2 % in Fe-MCM-48 that was confirmed by EDX analysis. The dechloronation of 2,4-dichlorophenol ([95 %) was optimized at pH 4 and 150 mg/L of Fe-MCM-48. The dechloronation reaction showed the pseudo first-order kinetic based on the initial concentration of 2,4-DCP in range of 100-400 mg/L. The increasing of available sites of Fe-MCM-48 versus dispersed zero-valent iron particles showed an advantage for new reagent in dechloronation reaction. The reusability of proposed reagent showed an efficiency of 95-55 % for a four-cycle of dechloronation reaction.
Introduction
Today the problems and conditions of drinking water are one of the major problems in most countries. Because of extended droughts, population growth, more stringent health-based regulations, and competing demands from a variety of users, the need for clean water and thus the treatment of ordinary water is a fundamental requirement for the world [1] . Clean water, namely the water that is free of toxic chemicals and pathogens, is essential to human health [2, 3] .
Metal nanoparticles, such as iron, zinc, nickel, etc. have many advantages for remediation of contamination with chlorinated organic pollutants. These advantages are the small particle size, large specific surface area, excellent adsorption, and high reduction reactivity [1] [2] [3] . Among metal nanoparticles, zero-valent iron (ZVI) nanoparticles has been used for the treatment of environmental pollution [4, 5] . The ZVI is a very effective reducing agent for dehalogenation and can catalytically reduce various halogenated organics into non-or low-toxic compounds, including the persistent organic pollutants chlorohydrocarbons, chloroaromatics, chlorophenol, organochloride pesticides, and polybrominated diphenyl ethers [6] [7] [8] [9] [10] [11] .
Mesoporous silicas have several advantages such as uniform pore size, high surface area, and large pore volume. They have been utilized in many fields of science and engineering, including catalysis, adsorption, and separation [12] . The mesoporous silicas formed by different templating agent exhibit different pore size, pore structure, and amount of surface hydroxyl group [13] . The mesoporous silicas can be applied for catalytic conversion or adsorptive separation of bulky molecules. The mesoporous molecular sieves can also be used as host materials for specific molecules like porphyrins or other transition metal complexes [14, 15] . A main drawback of these materials is their inactive chemical composition [16] .
MCM-48 has a cubic array with a three-dimensional pore network and shows a high surface area and hydrothermal stability. It is a member of the M41S mesoporous silica family [17] . This mesoporous silica is used in many applications, including adsorption, ion exchange, catalysis, etc. [18] . The impregnations of MCM-48 with transition metals such as Ce, Zn, Cd and others are reported in many papers [19] .
In this research, the impregnation of zero-valent iron in MCM-48 by grinding as a free-solvent, simple, and efficient method is reported. The NaBH 4 as a reductant is used to reduce of ferric ions to zero-valent iron nanoparticles. The structure of Fe-MCM-48 is evaluated by XRD, SEM, and EDX methods. The new reagent of Fe-MCM-48 with high surface area is used to dechloronation of 2,4-dichlorophenol (2,4-DCP).
Experimental

Synthesis and characterization of Fe and Fe-MCM-48
All of the materials were of highest purity. All solutions were prepared with double distilled water. In synthesis of MCM-48, CTAB was dissolved in deionized water. Then, sodium hydroxide and tetraethyl orthosilicate (TEOS) were added [17] . The molar composition of the gel was 1 M TEOS: 0.25 M Na 2 O: 0.65 M CTAB: 0.62 M H 2 O. The solution was stirred for about 1 h and then transferred into a polypropylene bottle and heated up to 100°C for 3 days. The product was filtered, washed with water, and dried in air at ambient temperature. The dried product was finally calcind at 550°C for 6 h [17] .
In a typical grinding procedure for an effective incorporation of metals into channel of mesoporous materials, 1.2076 g of FeCl 3 Á6H 2 O and 0.75 g of synthesized MCM-48 were taken in a mortar and ground well at room temperature. A NaBH 4 solution (0.1 mol/L) was added drop by drop to prepared solid sample at room temperature and N 2 atmosphere. The Fe 3? ions were reduced to Fe 0 particles by NaBH 4 reductant [20] .
The particles of Fe-MCM-48 were removed, washed with diluted HCl, ethanol, water and acetone, and then dried at temperature of 50°C for 3-4 h [9] . The weight percent of Fe 0 particles was 25 % in obtained Fe-MCM-48. A Diffractometer Bruker D8ADVANCE Germany with anode of Cu (k = 1.5406 Å of Cu K a ) and filter of Ni was applied for the record of X-ray diffraction (XRD) patterns of mesoporous MCM-48 and Fe-MCM-48 in the 2h ranges of 0.5°-7°and 5°-70°. The morphology and composition of Fe-MCM-48 were evaluated by SEM-EDX informations.
The SEM images and EDX spectra were obtained by a Philips XL30 scanning electron microscope. N 2 adsorption isotherms of prepared photocatalysts were obtained by the B.E.T. method using nitrogen as an adsorption gas at 77 K using a Belsorp Mini P instrument. Samples were out gassed at 300°C for 4 h prior to surface area measurements.
Dechlorination of 2,4-dichlorophenol
Batch experiments for dechloronation of 2,4-DCP were performed in 15-mL bottles. 0.5-2.0 mg Fe-MCM-48 was loaded into bottles containing 10 mL of aqueous solution of 2,4-DCP (100-400 mg/L). The bottles were sealed with rubber plugs and placed on a TZ-2EH rotary shaker (100 r/min) during the entire experiment period (2-8 h). 2,4-DCP and its intermediate products were quantified with an Agilent 1100 HPLC equipped with a C 18 column and a L-4000 UV-Vis detector. All samples were filtrated with 0.45-lm filter film. The degradation efficiency (%D) was calculated from initial concentration (C o ) and residual concentration (C t ) of 2,4-DCP (%D = [1 -(C t / C o )] 9 100). The concentration of 2,4-DCP was obtained by measuring of surface area of HPLC peak. In order to investigate the adsorption of 2,4-DCP on heterogeneous reagent surface, the residual reagent in filtration step was washed with ethanol, water, and acetone solution and the obtained sample analyzed by HPLC method. The result showed that the amount of adsorbed 2,4-DCP molecules (that not dechloronated in the reaction) was\5 % versus to initial concentration.
Results and discussion
Characterization of Fe and Fe-MCM-48
The XRD patterns, SEM images, and EDX spectra of prepared samples are used to characterize the prepared Fe-MCM-48. The XRD patterns of ZVI, MCM-48, and Fe-MCM-48 at small-angle and wide-angle are shown in Figs. 1, 2 and 3. The existence of a diffraction peak at 2h = 458 shows the formation of zero-valent iron (ZVI) nanoparticles as per JCPDS No. 06-0696 (Fig. 1) [21] . The cubic ordered structure of MCM-48 is confirmed by XRD pattern (Fig. 2) [16, 17] . The most intense diffraction peak (211) appears at 2h = 2.38. Other low intense diffraction peaks of higher order appear at 2h = 38-68. Also, the diffraction peak of ZVI in the wide-angle XRD pattern of Fe-MCM-48 is observed at 2h = 458 which obviously shows the content of ZVI in the channel of mesoprous MCM-48 [19] .
The SEM images of MCM-48 and impregnated MCM-48 (Fe-MCM-48) are shown in Fig. 4a, b , respectively. The particles with size 300-800 nm are MCM-48 while the ZVI nanoparticles are seen in dimensions of 50-70 nm. Figure 5 shows the EDX spectra of MCM-48 and Fe-MCM-48. The existence of iron in impregnated MCM-48 is obvious from the EDX spectra. The EDX spectra show high percentage of silicon and oxygen which are the main constituents of the MCM-48. The EDX spectra indicates that the only reducing agent present in the substrate is ZVI, which has the capability of dechlorination of 2,4-DCP.
The atomic absorbance spectrophotometery is used to determine the content of ZVI in impregnated MCM-48. The results reconfirmed the percentage of iron to be around 23 ± 2 %.
Dechloronation of 2,4-DCP
The effect of pH on the dechloronation of 2,4-DCP is studied in the presence of Fe-MCM-48 reagent. Figure 6 shows that the optimized value for pH is 4. The mechanism of dechloronation of chlorophenols by ZVI is reported as follows [21, 22] :
Equations (1) and (4) show that the hydrogen ions are consumed in dechloronation of 2,4-DCP. Thus, it is expected that the dechloronation efficiency is increased in pH values of \7. On the other hand, the oxidation of zerovalent iron is more probable in acidic pH values. Therefore, the optimized pH value of 4 is a reasonable result. Also, the variation of sample pH is small during the reaction period so that the pH of 4 is varied to pH of 4.3 at the end of the reaction.
There are three steps in the dechlorination process of 2,4-DCP by ZVI nanoparticles in a solid-liquid two-phase reaction. The mass transfer of 2,4-DCP from solution to the metal surface, adsorption, and dechlorination of 2,4-DCP on the metal surface and desorption of the dechlorination products from the metal surface and diffuse into the bulk solution. The mass transfer control can be ruled out as governing the reaction rate in the first and third steps. The adsorption process of 2,4-DCP on surface of nanoparticles in the second step also proceeds easily. Therefore, dechlorination is likely the rate-determining step for the degradation of 2,4-DCP by metal nanoparticles [5, 6] .
The chlorine group of the chlorophenols is highly electronegative and electron withdrawing group [21] . Because the negative potential of ZVI, it tends to lose electrons to become ferrous (Reaction 2). Hence, it is highly attracted towards the chlorine group of chlorophenols, leading to the dechlorination of chlorophenols (Reaction 4). The electron from ZVI is first transferred to the chlorine group nearer to the hydroxyl group leading to its liberation as chloride ion. This might be due to increase in electron deficiency in the proximity to chlorine group near the electron with drawing hydroxyl group. Hence, only chlorophenol and phenol have formed during dechlorination of DCP [21, 22] .
The dechloronation efficiency is increased with increasing of dosage of Fe-MCM-48 from 50 to 150 mg/L and then leveled off at higher amounts (Fig. 7) . The collusion between 2,4-DCP molecules and Fe-MCM-48 particles is enhanced in higher amounts of Fe-MCM-48 as a reactant. Also, as seen from Eqs. (1) (2) (3) (4) (5) (6) ions are produced with progress of the reaction. Thus, the loss of Fe 0 particles in reagent of Fe-MCM-48 is expected according to the proposed mechanism. As a result, the higher amounts of ZVI nanoparticles in reagent increase the dechloronation efficiency.
The effect of initial concentration of 2,4-DCP on the dechlorination efficiency is studied at amplitude of 100-400 mg/L. Figure 8 shows the increasing of dechlorination efficiency up to 200 mg/L of 2,4-DCP and then a reduction is seen for concentration [200 mg/L. The increasing in the collusion between molecules of 2,4-DCP and Fe-MCM particles is expected with increasing of initial concentrations of pollutant. But, the yield of removal was decreased with increasing of initial concentration from 200 to 400 mg/L of 2,4-DCP. At higher concentrations of pollutant, the limitation in available sites of reagent for dechlorination process can be the reason for the decrease of dechlorination efficiency [23, 24] .
Dechloronation kinetic
Kinetic rate constants of dechlorination reaction based on the decreasing of 2,4-DCP concentration is studied at pH = 4 and 150 mg/L of Fe-MCM-48. Also, for comparison of reactivity of Fe-MCM-48 reagent and ZVI particles, the kinetic of dechlorination reaction is studied in the presence of reagent of zero-valent iron particles (37.5 mg/ L) at pH 4. The amount of ZVI is selected on the base of percentage of NZVI in impregnated MCM-48. The pseudo first-order kinetic equation (Eq. 7) is used to calculate the kinetic rate constant (k) of dechlorination reaction [25, 26] . The obtained results are given in Table 1 .
In Eq. (7), C o and C t are the initial concentration and concentration of 2,4-DCP at time t, respectively.
The obtained data of Table 1 are indicated the superior of proposed composition as a new reagent versus ZVI Fig. 7 The effect of Fe-MCM-48 dose on the dechloronation efficiency of 2,4-DCP Fig. 8 The effect of initial concentration of 2,4-DCP on the dechloronation efficiency Table 1 The kinetic rate constants and standard deviation (n = particles for dechloronation reaction of chlorophenol compounds. The kinetic rate constant of dechloronation reaction is increased 1. /g by BET data, respectively. However, the reaction of adsorbed 2,4-DCP with ZVI nanoparticles may also become a determining factor since the ZVI nanoparticles are located in the inner part of the mesopore of MCM-48. But, the obtained kinetic rate constants and surface area data showed the superior of surface increasing of proposed reagent versus this limitation. On the other hand, the adsorption of 2,4-DCP molecules on the surface of mesoporous MCM-48 can be due to effective collusion of pollutant molecules with ZVI nanoparticles in pores of MCM-48 [29, 30] . Based on the proposed mechanism (Eqs. 1-6), the adsorbed molecules of 2,4-DCP are dechloronated upon reaction with NZVI impregnated MCM-48.
Reusability of Fe-MCM-48
The Fe-MCM-48 as a heterogeneous catalyst can be reusable in dechloronation process. The used reagent is removed, washed with ethanol, water and acetone, and dried at N 2 atmosphere and temperature of 50°C. The N 2 gas is used to removal solvents in elution step. The minor adsorbed molecules of 2,4-DCP in reagent is separated by washing ethanol, water, and acetone.
However, there is a decrease in the dechlorination efficiency of 2,4-DCP. Dechlorination efficiency is obtained as 95.8, 71.3, 54.3, and 37.5 % in four-cycles of dechloronation reaction. The decrease of dechlorination in consecutive cycles might be due to leaching out of the iron from the reagent. Reimpregnation of Fe 3? ions onto MCM-48 is also tried by soaking it in saturated FeCl 3 solution and NaBH 4 solution, respectively. Dechloronation of 2,4-DCP is repeated for four cycles with reimpregnated MCM-48 after each usage of reagent. Dechlorination efficiency at the presence of reimpregnated MCM-48 is obtained as 94.3, 87.6, 72.6, and 59.2 % in four cycles.
Conclusions
The zero-valent iron impregnated in MCM-48 can be used for dechloronation of 2,4-dichlorophenol as a pollutant. The efficiency of dechloronation is increased in the presence of Fe-MCM-48 versus ZVI particles because the increasing of surface of reagent. The dechloronation reaction shows a first-order kinetic with rate constant of 0.425 h -1 at conditions of pH 4, 150 mg/L of Fe-MCM-48, and 200 mg/L of 2,4-DCP. A reproducible nearly behavior was obtained for the proposed reagent in each reimpregnated stage with dechloronation efficiency of 95-55 % for four cycles of reaction.
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